Poly(ethylene glycol) (PEG)-based hydrogels are promising materials for biomedical applications because of their excellent hydrophilicity and biocompatibility. However, conventional chemically cross-linked PEG hydrogels are brittle under mechanical loading. The mechanical resilience and rapid recovery abilities of hydrogel implants are critical in load-bearing tissues, such as articular cartilage, which are routinely subjected to cyclic loadings of high magnitude and frequency. Here, we report the fabrication of novel supramolecular PEG hydrogels by polymerizing N,Ndimethylacrylamide with supramolecular cross-linkers self-assembled from adamantane-grafted PEG and monoacrylated β-cyclodextrin. The resultant PEG-ADA supramolecular hydrogels exhibit substantial deformability, excellent capacity to dissipate massive amounts of loading energy, and have a rapid, full recovery during excessive, ultrafast, and non-resting cyclic compression. Furthermore, the energy dissipation capacity of the PEG-ADA (adamantane-grafted Poly(ethylene glycol)) hydrogels can be regulated by changing the concentration, molecular weight and cross-linking density of PEG. According to in vitro cell metabolism and viability tests, the PEG-ADA hydrogels are non-cytotoxic. When placed over a monolayer of myoblasts that were subjected to instantaneous compressive loading, the PEG-ADA hydrogel cushion significantly enhanced cell survival under this deleterious mechanical insult compared with the effects of the conventional PEG hydrogel. Therefore, PEG-ADA hydrogels are promising prosthetic biomaterials for the repair and regeneration of load-bearing tissues.
Introduction
Hydrogels are widely thought to be promising scaffold materials for tissue engineering and regenerative medicine [1] [2] [3] [4] . Particularly, poly(ethylene glycol) (PEG) hydrogels are promising materials for many biomedical applications, including wound dressing, drug delivery, and tissue engineering, due to their excellent biocompatibility, non-immunogenicity, and resistance to protein adsorption. However, the brittle mechanical property and lack of fatigue resistance of conventional covalently cross-linked PEG hydrogels restrict the wide-spread application, especially where biomechanical loading is significant. To overcome these limitations of conventional chemical hydrogels, researchers have capitalized on a wide array of physical interactions to develop physical hydrogels with unique properties, including self-healing and shearthinning [5] [6] [7] . However, conventional physical hydrogels are usually too weak to be implanted in load-bearing sites of clinical interest, such as the knee joint 5, [8] [9] [10] . Thus, the development of strategies to improve the mechanical properties of hydrogel scaffolds, such as mechanical resilience and fatigue resistance, has become crucial to the research field of hydrogels. Extensive pioneering studies have been conducted to improve the stability and robustness of physical hydrogels. Liu et al. employed Hbond and dipole-dipole interactions to enhance the mechanical strength and fatigue resistance of physical hydrogels 11, 12 . Meijer et al. fabricated tough supramolecular hydrogels cross-linked by the H-bonds between selfcomplementary UPy units 13, 14 . Scherman et al. demonstrated the fabrication of supramolecular cross-linked hydrogels by the host-guest interactions of cucurbit [n] uril complexes [15] [16] [17] . In addition to their pioneering study on double-network hydrogels, Gong et al. developed ionic bond-based polyampholyte hydrogels that possess excellent robustness and viscoelasticity 6, [18] [19] [20] [21] . Aida et al. developed mechanically robust hydrogels by incorporating various nanocomposites [22] [23] [24] . The aforementioned research demonstrates the great potential of supramolecular chemistry to improve the mechanical properties and fatigue resistance of hydrogels. However, none of these studies have investigated the energy dissipation capacity of hydrogels under high-frequency mechanical loadings. In addition, the fatigue resistance of these hydrogels is achieved either under small deformations 11, 25 or after a long waiting time (>30 min) 6, 26 . These limitations significantly compromise the fatigue resistance of hydrogels under high-frequency cyclic loading of large deformations.
The β-cyclodextrin and adamantane (βCD-ADA) host-guest complex is stable under aqueous conditions with a high-binding constant ( ) [28] [29] [30] . Therefore, the βCD-ADA complex is an ideal non-covalent system for mediating energy dissipation during loading and network recovery during unloading in antifatigue hydrogels. However, researchers have paid little attention to the energy dissipation capacity of the supramolecular hydrogels crosslinked by the βCD-ADA complexes, mainly because of the mechanical weakness of such hydrogels. Most of the such weak host-guest hydrogels were formed by mixing βCD-modified polymers with ADA-modified polymers and verified with the "tube-inversion" test 10, 31, 32 . Recently, Harada et al. fabricated highly elastic polyacrylamide hydrogels cross-linked by host-guest cross-linkers that are preassembled from βCD monomers and ADA monomers 33, 34 . This method significantly improved the stability and elasticity of the hydrogels and demonstrated the important role of energy dissipation by host-guest complexations in enhancing the reversible elastic deformation and toughness of the host-guest hydrogels. Furthermore, Suo et al. also reported highly stretchable and tough hydrogels by introducing energy dissipation structures 35 . In contrast, the lack of energy dissipation in covalently cross-linked hydrogels leads to stress concentration, premature rupture and permanent damage of hydrogel networks under excessive loadings. This leads to a diminished capacity of covalently cross-linked hydrogels to resist cyclic loading with an increasing number of loading cycles. The introduction of energy-dissipating host-guest cross-links will potentially improve the mechanical properties of the hydrogels, such as deformability and toughness, under excessive cyclic loadings.
Because of its excellent hydrophilicity and biocompatibility, PEG was selected as the platform material for testing the energy-dissipating mechanism of the novel hydrogels fabricated in this study. The brittle mechanical property and lack of fatigue resistance of conventional covalently cross-linked PEG hydrogels (e.g., PEGDA hydrogels) restrict their wide-spread applications, especially where biomechanical loading is significant. Herein, we utilized the energy dissipation capacity of the βCD-ADA complex as the cross-linker to fabricate mechanically stable supramolecular poly(N,N-dimethylacrylamide) (PDMA) PEG hydrogels, which are prepared by cross-linking the N,N-dimethylacrylamide monomer with the preassembled adamantane-grafted poly(ethylene glycol) (PEG-ADA) and βCD supramolecular crosslinkers (Ac-βCD-ADA-PEG-ADA-Ac-βCD). The supramolecular cross-linkers were formed by the selfassembly of ADA-grafted PEG polymers and monoacrylated β-cyclodextrin monomers (mono-Ac-βCD) under aqueous conditions. The excellent water solubility of this supramolecular cross-linker eliminates the additional organic solvent typically required by conventional methods of host-guest hydrogel fabrication to dissolve the guest molecule, thereby facilitating the biomedical applications of such hydrogels.
The focus of this study is to investigate the mechanical properties of these supramolecular PEG hydrogels, including deformability, energy dissipation, and fatigue resistance, in comparison with those of the chemical hydrogels cross-linked by conventional PEG diacrylate (PEGDA) and a co-monomer of identical concentrations, and cell behaviors responding to such unique mechanical properties. Our strategy successfully optimizes the mechanical performance of PEG hydrogels under stringent mechanical loading, and our findings provide critical insights into the translation of host-guest hydrogels to biomedical applications. The supramolecular cross-links based on the host-guest complexation significantly enhance the energy dissipation, fatigue resistance, and stress-relaxation of supramolecular PEG hydrogels and protect cells from deleterious mechanical forces. To the best of our knowledge, our work is the first to capitalize on host-guest supramolecular chemistry to develop energy-dissipating PEG hydrogels and to systemically study the effects of design parameters on the energy dissipation of PEG hydrogels. Our findings provide valuable guidance on the design of prosthetic hydrogels for loading bearing implantation sites with surrounding mechanosensitive cells and tissues.
Materials and methods

Hydrogel fabrication
Details about the synthesis of ADA-PEG-ADA and host monomer (mono-Ac-βCD) are provided in the supporting information. The precursor solution of supramolecular PEG-ADA hydrogels was prepared by dissolving and mixing ADA-PEG-ADA and mono-Ac-βCD in phosphate-buffered saline (PBS). After thorough stirring of the mixture for 1 h, the co-monomer (N,Ndimethylacrylamide (DMA), aqueous solution), initiator (ammonium persulfate (APS)), and catalyst (1,2-dis (dimethylamino)ethane (TEMED)) were added to the mixture. The final solution was quickly transferred to a cylindrical mold (4.7-mm diameter and 3-mm height). The hydrogels were removed from the mold after 2 h and washed with PBS. The PEG-ADA hydrogels were fabricated using four different concentrations of ADA-PEG-ADA (3, 6, 9, and 12% (w/v)) with equivalent molar amounts of mono-Ac-βCD to the molar amount of ADA. The control PEGDA hydrogels were fabricated using PEGDA instead of the Ac-βCD-ADA-PEG-ADA-Ac-βCD as cross-linkers under the same conditions. For all comparative assessments between the PEG-ADA and PEGDA hydrogels, both hydrogels were fabricated using a DMA concentration of 1 m and APS/TEMED concentrations of 20 mM each. In the PEG-ADA hydrogels, the DMA concentration was later adjusted from 0.5 to 2 min, and the APS/TEMED concentrations were later adjusted from 10 mM each to 100 mM each to study the effect of DMA and APS/TEMED concentrations on the properties of the PEG-ADA hydrogel.
Loading-unloading compression test
Before mechanical testing, all as-prepared hydrogels were immersed in PBS for 12 h to ensure complete swelling. The dimensions of the hydrogels were measured by digital Vernier calipers. The compression tests were conducted on a Mach-1 TM micromechanical system (Biomomentum Inc., Canada). A continuous loading speed was set at the strain rate of 5% per second, and the maximum loading strain was set at 90% to prevent damage to the testing instrument. After determining the maximum strain in the unconfined compression test, the peak strain in the continuous loading-unloading compression test was set to be slightly lower than the maximum strain (supramolecular PEG-ADA hydrogel: 90%, PEGDA hydrogel: 60%).
Loading-unloading compression test with varying loading speeds
The dependence of the hydrogel mechanical properties on the strain rate was explored by conducting a continuous loading-unloading compression test with a series of accelerating loading speeds: 2% per second, 5% per second, 10% per second, 12.5% per second, 16% per second, and 25% per second. Two loading-unloading cycles were applied for each loading speed. There was no resting between the two cycles or cycles with different loading speeds. In this test, the peak strain of each cycle was 90%.
Stress-relaxation test
Stress-relaxation tests were conducted to compare the relaxation modes between the PEG-ADA and PEGDA hydrogels. Both hydrogels were compressed to the peak strains (in 0.5 s of loading time) by applying a series of 10% strain rampings with 5 min of relaxation between successive rampings. The peak strains of the PEGDA and PEG-ADA hydrogels were 60 and 90%, respectively.
Rheological test
Frequency sweep and strain sweep were performed on a rheometer (Anton Paar MCR301) with 8-mm-diameter plates at a 0.2-mm gap (plate-to-plate distance). All measurements were conducted at 25°C, unless otherwise stated. Strain sweep was performed at a set frequency of 1 Hz. Frequency sweep was performed at a set strain of 5%.
In vitro cytotoxicity assay
Human mesenchymal stem cells (hMSCs, Lonza) were expanded to fourth passages in growth media consisting of α-minimum essential medium supplemented with 16.7% fetal bovine serum (FBS) and 1% penicillin/streptomycin (Pen/Strep). The cells were cultured at 37°C with 5% CO 2 .
The conditioned cell culture medium obtained by soaking the PEG-ADA hydrogels in the cell culture medium for varying durations (2, 14, and 28 days) were used to assay the impact of the hydrogels on cultured cells. The hydrogels used in this assay were fabricated following the same scheme described earlier in the text. After the hydrogels were fabricated and washed with PBS, they were exposed to UV light for 30 min for sterilization. Three hydrogels were placed in the cell culture medium (25 mL) for varying durations. The hydrogels were removed from the media at the time points of interest (2, 14, and 28 days), and the media were then frozen at −80°C
. After removal of the hydrogels at all-time points, the frozen media were thawed and used as cell culture media.
Passage-four hMSCs were seeded at a density of 5000 cells cm −2 in 24-well plates with 1 mL of conditioned medium per well, and the cells were cultured for varying durations (24 h, 48 h, 72 h, and 7 days). Alamar Blue (50 μL) was added to each well at the time points of interest. After 4 h of culture, the culture medium (100 μL) containing the Alamar Blue dye was added to 96-well plates. The absorbances of the media at 562 nm were measured using a microplate reader. After 7 days of culture, the viability of the cultured cells was tested using calcein-AM (0.5 μL/mL) or propidium iodide. Fluorescence images were taken at excitation wavelengths of 488 and 514 nm.
In vitro mechanical loading C2C12 mouse skeletal myoblasts (ATCC, Manassas, USA) expanded to fourth passages were grown to 95% glucose, 10% FBS, and 1% penicillin/streptomycin (Gibco ® ). We conducted uniaxial compression tests on 9% (w/v) PEGDA and PEG-ADA hydrogels covering a monolayer of myoblasts. The hydrogels were compressed by a flat platen at a strain rate of 25% per second to reach the peak compressive stress of 500 Pa, followed by 5 min of stress-relaxation while maintaining a constant compressive strain on the hydrogels. Subsequently, calcein-AM (0.5 μL mL −1 ) and PI (3 mM) were used to assess the percentage of cell death occurring below the hydrogel cushion. Fluorescence images of cell viability staining were taken at ×100 magnification on a motorized stage (ECLIPSE Ti, Nikon). The images were combined to generate one full-field image of the C2C12 monolayer.
Results and discussion
Fabrication of PEG-ADA supramolecular hydrogels
The grafting degree of ADA on both ends of the HO-PEG-OH of three different molecular weights (2 K, 4 K, and 10 K) was estimated to be 100%, as demonstrated by the 1 H NMR spectra ( Figure S1 , S2, and S3). The preparation of mono-functionalization of βCD (mono-Ac-βCD) was also confirmed by the 1 H NMR ( Figure S4 ). Mixing of ADA-PEG-ADA and monoAc-βCD yielded the supramolecular cross-linker of ac-βCD-ADA-PEG-ADA-Ac-βCD, which was selfassembled through efficient complexation between ADA and the βCD monomer, confirmed by the 2D-NOESY NMR analysis ( Figure S5 ) 36 . Subsequent UV exposure induced radical polymerization of the supramolecular cross-linker in the presence of co-monomer (DMA), generating the free-standing supramolecular PEG-ADA hydrogels (Fig. 1) .
PEG-ADA hydrogels can withstand excessive mechanical loadings and effectively dissipate massive loading energy
The supramolecular PEG-ADA hydrogels demonstrate significantly improved deformability compared with the covalently cross-linked PEGDA hydrogels. The compression test revealed no fractures in any of the PEG-ADA hydrogel groups at compressive strains of up to 90% (Figure S6b ), which is significantly higher than the fracture strain of the corresponding PEGDA hydrogels fabricated using an identical method ( Figure S6a) . The rheological strain sweep analysis also revealed that the fracture shear strain of the PEG-ADA hydrogels (1261.5%) ( Figure S6d ) was much larger than that of the PEGDA hydrogels (79.5%) ( Figure S6c ). In addition, the structural integrity or surface smoothness of PEG-ADA hydrogels were maintained when the hydrogels were sliced by a knife or abraded by abrasive paper under torsion (Fig. 2a, c, d and f) . By contrast, the PEGDA Fig. 2 Extreme mechanical testing of PEG-ADA and PEGDA hydrogels. Cutting (a) and torsion (d) tests of the PEGDA hydrogels and PEG-ADA hydrogels. The PEGDA hydrogels easily ruptured when sliced by a knife (b) or abraded by abrasive paper under torsion (e). The structural integrity of the PEG-ADA hydrogels was maintained when sliced by a knife (c), and their surface smoothness was maintained when abraded by abrasive paper under torsion (f). The PEG cross-linker concentration of both PEGDA and PEG-ADA hydrogels was 9%, and the mono-Ac-βCD concentration of PEG-ADA hydrogels was 6%. Both hydrogels were fabricated using the DMA concentration of 1 M and the APS/TEMED concentrations of 20 mM each hydrogels ruptured under either type of these mechanical challenges (Fig. 2b, e) .
These results indicate that replacing the covalent crosslinking with the physical cross-linking mediated by the βCD-ADA host-guest complexation effectively enhances the deformability of the PEG hydrogels. The loading and unloading test revealed the significant energy dissipation capacity of the PEG-ADA hydrogels during loading, as demonstrated by the gap between the loading and unloading curves (Fig. 3a) . By contrast, no such hysteresis was observed in the loading-unloading curves of the PEGDA hydrogels (Fig. 3a) , thereby indicating little dissipation of the applied loading energy by PEGDA hydrogels. Furthermore, quantitative analysis of the energy dissipation capacity, which was conducted by integrating the area between the loading and unloading curves of the force versus displacement, confirmed the significantly enhanced energy dissipation capacity of the PEG-ADA hydrogels compared with that of the PEGDA hydrogels (Fig. 3b) . We believe that the dissipation of loading energy is mediated by the dissociation of βCD-ADA complexes in the PEG-ADA hydrogels, and this phenomenon may help reduce the fracturing of the hydrogel network structures, thereby leading to superior deformability.
PEG-ADA hydrogels exhibit rapid stress-relaxation because of dissociation of host-guest cross-links
We also performed the stress-relaxation test on the PEG-ADA hydrogels, because energy dissipation in the hydrogels can also influence stress-relaxation kinetics. In the stress-relaxation test, the two types of hydrogels were compressed to the peak strains by applying a series of 10% strain rampings with 5 min of relaxation between successive rampings (Fig. 3c) . The peak strain of the PEGDA Fig. 3 Comparison of the mechanical properties of PEG-ADA hydrogels and PEGDA hydrogels under compression. a Loading-unloading curves of the PEG-ADA hydrogels (red) and the PEGDA hydrogels (black) at the maximum of the safe strain. b Quantitative analysis of the energy dissipation capacity (at the maximum of the safe strain) of the PEGDA hydrogels (black) and PEG-ADA hydrogels (red) with different PEG cross-linker concentrations. The PEG-ADA hydrogels dissipated 8.31, 12.62, 12.10, and 13.86 times more energy than the PEGDA hydrogels with identical PEG cross-linker content (3%, 6%, 9%, and 12%, respectively). c Stress-relaxation curves of the PEGDA hydrogels (solid lines) and the PEG-ADA hydrogels (dotted lines) with different peak compressive strains. d The relaxation rate constants of PEGDA hydrogels (red triangle) and the PEG-ADA hydrogels (black and blue dot) were obtained by exponential fitting of the curves in c. Statistical significance was determined based on the method described in Supporting Information (*p < 0.05, **p < 0.01, ***p < 0.001). The PEG cross-linker concentration of both PEGDA and PEG-ADA hydrogels was 9%, and the mono-Ac-βCD concentration of the PEG-ADA hydrogels was 6%. Both hydrogels were fabricated using the DMA concentration of 1M and the concentrations of APS/TEMED of 20 mM each hydrogels was set at 60% to avoid hydrogel rupture, and the peak strain of the PEG-ADA hydrogels was set at 90% to prevent damage to the testing instrument. For clarity, all stresses obtained during the stress-relaxation test were normalized to the corresponding peak stresses.
Curve fitting of the stress-relaxation profiles demonstrated that the PEG-ADA hydrogels had one additional relaxation mechanism compared with that of the PEGDA hydrogel (Fig. 3d) . The relaxation curves of the PEGDA hydrogels were well fitted to the exponential equation with a single-decay factor (k 1 , Equation (1)); whereas, the relaxation curves of the PEG-ADA hydrogels could be fitted to the exponential equation with two decay factors (k 1 ′ and k 2 , Equation (2)).
Fitting equations:
σ t is the stress at a certain time t; σ 0 is the peak stress; A, B, and C are constants; k 1 is relaxation rate constant of the PEGDA hydrogels; k 1 ′ and k 2 are the slow and rapid relaxation rate constants of the PEG-ADA hydrogels, respectively.
The slow relaxation rate constants (k 1 ′) of the PEG--ADA hydrogels under varying compressive strains (60: 0.0188, 70: 0.0128, 80: 0.0136, and 90%: 0.0147) were comparable to the relaxation rate constants (k 1 ) of the PEGDA hydrogels under slightly lower compressive strains (30: 0.0056, 40: 0.0050, 50: 0.0061, and 60%: 0.0064). This finding suggests the existence of a common stress-relaxation mechanism for both hydrogels. The stress-relaxation of covalently cross-linked hydrogels such as PEGDA is known to be dominated by water exudation 37, 38 . Therefore, these data indicate that water migration also contributes to the stress-relaxation mechanism of the supramolecular PEG-ADA hydrogels. Furthermore, the rapid relaxation rate constants (k 2 ) of the PEG-ADA hydrogels (60: 0.1183, 70: 0.1141, 80: 0.1961, and 90%: 0.2345) are approximately one order of magnitude higher than the relaxation rate constants (k 1 ) of the PEGDA hydrogels. This result suggests the presence of a more effective stress-relaxation mechanism for the PEG-ADA hydrogels. In addition, the k 2 value increased with increasing compressive peak strain, indicating that stress-relaxation mediated by the rapid relaxation mode of the PEG-ADA hydrogels is more rapid at a higher strain level. We postulate that the rapid stress-relaxation of the PEG-ADA hydrogels is achieved by the effective dissipation of a large amount of energy through the rapid disassociation of the βCD-ADA complexes, because this is the only structural difference between the PEGDA and PEG-ADA hydrogels.
PEG-ADA hydrogels maintain consistent mechanical properties under excessive cyclic compression without rest
Continuous cyclic loading-unloading compression tests (peak strain of 90%) on the PEG-ADA hydrogels (positioned in a dry test chamber) without rest revealed significant hysteresis during each loading cycle, as demonstrated by the gap between the loading and unloading curves (hysteresis loop) (Fig. 4a) . Furthermore, complete overlap was observed for the hysteresis loops of different loading cycles. This finding indicates that the PEG-ADA hydrogels can rapidly recover the network structure upon unloading.
More importantly, the PEG-ADA hydrogels maintained the effective energy dissipation when immersed in PBS Fig. 4 Stress vs. Strain curves of the PEG-ADA hydrogels under cyclic compressions. a Loading-unloading curves of the PEG-ADA hydrogels (positioned in a dry test chamber with exposure to air) recorded during 10 cycles of non-resting cyclic compression with a loading speed of 2% strain per second. b Loading-unloading curves of PEG-ADA hydrogels subjected to a series of compression cycles with accelerating loading speed from 2% per second to 25% per second, and two continuous cycles were performed at each loading speed. The tested hydrogel was immersed in PBS solution to mimic the physiological environment. The PEG cross-linker concentration of both PEGDA and PEG-ADA hydrogels was 9%, the mono-Ac-βCD concentration of the PEG-ADA hydrogels was 6%. Both hydrogels were fabricated using the DMA concentration of 1M and concentrations of APS/TEMED of 20 mM each solution and could completely recover the original mechanical properties, even under ultrafast loading frequency (Fig. 4b) . This study found that the PEG-ADA hydrogels maintained a consistent hysteresis loop during continuous cyclic compression with a series of accelerating loading speeds (2% per second, 5% per second, 10% per second, 12.5% per second, 16% per second, and 25% per second). Moreover, complete overlap was observed for the hysteresis loops of different loading-unloading cycles despite the increasing loading speed.
The rapid recovery of the PEG-ADA hydrogels may result from two structural components in these hydrogels. One structural component is the βCD-ADA complexes, which exhibit rapid binding kinetics (k a =~10 8 m
) [28] [29] [30] 39 , and their instant dissociation and re-association favors high-fidelity re-association between specific pairs of βCD and ADA, with minimal mismatching. The other structural component is the elastic chains (PDMA) formed by polymerized DMA. The PDMA chains help keep the host-guest complexes close to their original locations. Therefore, the βCD and ADA molecules that are dissociated during loading are more likely to rapidly re-associate with their original partners or those close by upon unloading. Such preservation of the spatial organization of the host-guest cross-links limits the plastic deformation and improves the fatigue resistance of the PEG-ADA hydrogels.
Energy dissipation capacity of PEG-ADA hydrogels is dependent on several key parameters
We examined the dependence of the energy dissipation capacity of the PEG-ADA hydrogels on different gelation parameters. The amount of loading energy Fig. 5 Optimization of the parameters used for preparing the PEG-ADA hydrogels. The amount of energy dissipated by the PEG-ADA hydrogels with varying a PEG cross-linker concentration (3%, 6%, 9%, and 12%; the DMA concentration was 1M, and the APS/TEMED concentrations were 20 mM each), b PEG molecular weight (the PEG cross-linker concentration was controlled to 9% for different polymer weights, the concentration of mono-Ac-βCD was 6% according to the PEG cross-linker concentration, the DMA concentration was 1M, and the APS/TEMED concentrations were 20 mM each), c co-monomer concentration (the PEG cross-linker concentration was 9%, the mono-AcβCD concentration was 6% and the APS/TEMED concentrations were 20 mM each), or d initiator (APS/TEMED) concentrations. Statistical significance was determined based on the method described in Supporting Information (*p-value <0.05, **p-value <0.01, ***p-value <0.001, the PEG cross-linker concentration was 9%, the mono-Ac-βCD concentration was 6% and the DMA concentration was 1M) Fig. 5d ), the percentage of dissociated βCD-ADA complexes, and the fraction of dissipated energy of the PEG-ADA hydrogels. Table S1 summarizes the effect of the gelation parameters on the energy dissipation-related parameters. Table S1 also lists the relationship between the gelation parameters and the swelling ratio to illustrate the relationship between the hydrogel network structure and the energy dissipation capacity of the PEG-ADA hydrogels.
The PEG-ADA hydrogels dissipated energy through the dissociation of the βCD-ADA complexes. Despite variation in the gelation parameters, only a small fraction of the βCD-ADA complexes was dissociated during compression ( Figure S7 ). This finding indicates that the βCD-ADA complex can dissipate energy with high efficiency. This study also demonstrated that the PEG crosslinker concentration and molecular weight affected the energy dissipation capacity of the hydrogels by changing the hydrogel network structure. As confirmed by the swelling ratio data ( Figure S9 ), a more compact hydrogel network structure can be achieved by increasing the PEG cross-linker concentration or decreasing the PEG molecular weight. A previous study showed that the hydrogels with a more compact structure can dissipate an increasing amount of energy 40 . This previous finding is consistent with our finding that less swollen PEG-ADA hydrogels dissipate a larger absolute amount and fraction of applied loading energy. The DMA concentration exerted little influence on the swelling ratio of the hydrogels, and the amount of dissipated energy significantly increased with increasing DMA concentration. This result indicates that the PDMA chains may contribute to energy dissipation because of their elasticity.
PEG-ADA hydrogels are non-cytotoxic
In the in vitro cytotoxicity test, the conditioned cell culture media obtained by immersing the PEG-ADA hydrogels in the growth medium for varying durations (2, 14, and 28 days) were used for cell culture. No significant difference was observed in the metabolic activity of the hMSCs between the experimental groups, in which the cells were cultured in conditioned media, and the control group, in which the cells were cultured in regular growth medium (Fig. 6a) . No dead cells were observed in all the experimental groups as confirmed by the cell viability test using calcein/PI staining after seven days of culture (Fig. 6b) . This result shows that the PEG-ADA hydrogels are cytocompatible. Most of the DMA monomers were polymerized during hydrogel fabrication. The level of un-polymerized DMA and the initiator in the PEG-ADA hydrogels is PEG-ADA hydrogel cushion promotes the survival of underlying cells subjected to deleterious mechanical loading A 500-Pa instantaneous compressive stress (25% per second strain rate) was applied to a monolayer of myoblasts through a PEG-ADA or PEGDA hydrogel cushion (Fig. 7a, b) . The peak strain induced by the 500-Pa stress was maintained for 5 min of stress-relaxation. Upon completion of the mechanical stress, cell viability staining revealed that the cells below the PEGDA hydrogel cushion showed an extensive area of cell death that matched the size of the hydrogel cushion (Fig. 7d) . By contrast, the cells below the PEG-ADA hydrogel cushion showed a much-reduced area of cell death. Quantitative analysis revealed that the percentage of cell death below the PEG-ADA hydrogels was significantly lower than that below the PEGDA hydrogels (50.50 ± 3.05% vs. 82.47 ± 15.22%, p < 0.05, Fig. 7c, d) . The substantial dissipation of the loading energy and rapid relaxation by the PEG-ADA hydrogel cushion may have contributed to the enhanced survival of myoblasts under such deleterious mechanical stresses. Many cell types have been shown to be able to sense the mechanical cues in their microenvironment, and the associated mechanotransduction signaling has been implicated in many major diseases, such as cancers, pressure ulcers, fibrosis, and osteoporosis 41 . This finding revealed the acute sensitivity of cells to mechanical properties, especially the dynamic mechanical properties of cell-contacting materials, which mediate the mechanical signals perceived by the cells.
Conclusion
In summary, we fabricated novel PEG-based supramolecular hydrogels by cross-linking supramolecular crosslinkersthat were self-assembled from adamantane-grafted PEG polymer (ADA-PEG-ADA) and mono-acrylated β-cyclodextrin monomer (mono-Ac-βCD). Compared with conventional covalently cross-linked PEGDA hydrogels, these PEG-ADA hydrogels exhibit high deformability, excellent capacity to dissipate massive amounts of loading energy, and superior antifatigue properties under excessive, ultrafast, and non-resting cyclic compression. The improvement of these mechanical properties results from the employment of the βCD-ADA host-guest complex as the cross-linker, which has a high binding constant and rapid binding kinetics. PEG-ADA hydrogels can rapidly recover completely, even under a high compression rate of up to 25% strain increase per second. The parametric analysis of the PEG-ADA hydrogels suggests that the gelation parameters can be modified to customize the hydrogel bulk properties to address the specific demands of different applications. The excellent water solubility of this supramolecular cross-linker eliminates the additional organic solvent typically required by conventional methods for host-guest hydrogel fabrication to dissolve the hydrophobic guest molecules. This is important for the biomedical applications of such hydrogels. The in vitro cell metabolism and viability tests showed that our PEG-ADA hydrogels are non-toxic to cells. By effectively dissipating loading energy and relaxing applied stress, the PEG-ADA hydrogel cushions significantly promoted the survival of the underlying myoblasts compared with the effect of the PEGDA hydrogels. Therefore, we believe that the PEG-ADA hydrogels are promising biomaterials for tissue repair and regeneration at load-bearing sites. Our findings will provide valuable guidance on the design of prosthetic hydrogels for load-bearing implantation sites with surrounding mechanosensitive cells and tissues.
